We developed an in vitro translation extract from Krebs-2 cells that translates the entire open reading frame of the hepatitis C virus (HCV) strain H77 and properly processes the viral protein precursors when supplemented with canine microsomal membranes (CMMs). Translation of the C-terminal portion of the viral polyprotein in this system is documented by the synthesis of NS5B. Evidence for posttranslational modification of the viral proteins, the N-terminal glycosylation of E1 and the E2 precursor (E2-p7), and phosphorylation of NS5A is presented. With the exception of NS3, efficient generation of all virus-specific proteins is CMM dependent. A time course of the appearance of HCV products indicates that the viral polyprotein is cleaved cotranslationally. A competitive inhibitor of the NS3 protease inhibited accumulation of NS3, NS4B, NS5A, and NS5B, but not that of NS2 or structural proteins. CMMs also stabilized HCV mRNA during translation. Finally, the formyl-[
Hepatitis C virus (HCV) is an enveloped virus that belongs to the genus Hepacivirus in the family Flaviviridae (which also includes flaviviruses and pestiviruses) and is the leading cause of chronic hepatitis and liver cirrhosis in humans in the developed world (77) . The genome of HCV is a ϳ9.6-kb-long positive-strand RNA that is translated into a polyprotein of approximately 3,010 amino acids (58) . For some HCV strains, evidence for an alternative open reading frame that overlaps the core protein gene has also been reported (83, 88) . Translation of the HCV RNA is accomplished by binding of ribosomes to an internal ribosome entry site (IRES) (80) . A salient feature of the HCV IRES is its ability to recruit ribosomes with the aid of only two canonical initiation factors (eIF3 and eIF2) (29, 55) , in contrast to most other IRESs, e.g., IRESs from picornaviruses, which also require the eIF4 initiation factors (52, 54, 73) .
HCV does not replicate in cultured cells. However, viral protein detection and mapping were achieved by using transient expression systems (1, 18, 20) and, more recently, the replicon system (38, 57) . These studies have suggested that the viral polyprotein is cleaved co-and posttranslationally at specific sites into at least 10 polypeptides ordered from the N terminus as follows: C-E1-E2-p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B. Cleavages within the structural region and at the p7/NS2 junction are thought to be mediated by host cell signal peptidase(s), which is located in the lumen of the endoplasmic reticulum (ER) and cleaves behind stretches of hydrophobic amino acids. The first cleavage product (C; core) is highly basic and constitutes the major component of the nucleocapsid. Envelope proteins E1 and E2 are type I transmembrane glycoproteins. Processing of the NS region is mediated by two overlapping virus-specific proteases. The NS2-NS3 zinc-dependent autoproteinase is essential for cleavage at the NS2/3 site. The NS3 serine protease utilizes NS4A as a cofactor to efficiently cleave the polyprotein at all sites downstream of the NS3 carboxy terminus, i.e., at the NS3/4A, NS4A/4B, NS4B/5A, and NS5A/5B sites (2) . The NS3 protein also functions as an RNA helicase, which together with NS5B (an RNA-dependent RNA polymerase), other NS proteins, and host factors forms a membrane-associated RNA replication complex (14, 16, 17, 48) .
Our understanding of HCV gene expression would greatly benefit from the development of a cell-free system, akin to those developed for picornaviruses, that allows coupled translation-replication of the viral genome (3, 45, 74) . Systems developed so far translate HCV RNA with low fidelity, yielding only complete polypeptides of the structural proteins and a number of aberrant products (23, 24) . No NS5B could be detected, making these systems of little use for the studies of coupled translation-replication. Synthesis of predominantly structural proteins was also observed in translation systems for other members of the family Flaviviridae (40, 46, 76, 85) . Here, we describe an extract from Krebs-2 cells that in the presence of canine microsomal membranes (CMMs) translates HCV RNA completely and accurately. CMMs are known to mediate processing, such as signal peptide cleavage, membrane insertion, translocation, and core glycosylation of the proteins (84) . CMM requirements for processing of HCV and flavivirus pro-collected by centrifugation and washed (three times) with an isotonic buffer (3) (buffer A [75] ). After the final wash, the compact cell pellet was resuspended in 2 volumes of a buffer containing 25 mM HEPES-KOH, pH 7.3, 50 mM KCl, 1.5 mM MgCl 2 , 1 mM dithiothreitol (DTT) (buffer B [75] ). The cells were allowed to swell on ice for 20 min and then were broken with 20 to 30 strokes of a tight-fitting Dounce homogenizer. One-ninth volume of the buffer containing 25 mM HEPES-KOH, pH 7.3, 1 M K(OAc), 30 mM MgCl 2 , 30 mM DTT (buffer C [75] ) was added to the homogenate, and the homogenate was centrifuged at 18,000 ϫ g for 20 min at 4°C. The supernatant was flash frozen and stored at Ϫ70°C. Suspension cultures of HeLa S3 cells were maintained as described previously (3) . Extracts from HeLa cells were prepared using the protocol described above. Huh7 cells were grown in monolayers in DMEM (Invitrogen Corp.) containing 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin with passages at a dilution of 1:3 every 3 days. The cells were maintained in 175-cm 2 flasks, except for the last passage, when 15-cm petri dishes were used. At least 40 dishes with cells at 60 to 90% confluency are required to obtain a sizable amount (3 ml) of the extract. The cells were dislodged by brief (1-min) washing with trypsin-EDTA (Invitrogen Corp.) and further incubation with a fresh portion of trypsin-EDTA (2.5 ml) at room temperature for 3 to 4 min. Trypsinization was stopped by adding 5 ml 20% FBS in DMEM. Cell aggregates were disrupted by pipetting, and cell suspension was transferred to a conical centrifuge tube containing cold 20% FBS in DMEM. Cells were collected by centrifugation, washed (three times) with buffer A, and processed for the preparation of the extract in the same way as described for Krebs-2 cells.
Cell-free synthesis and analysis of HCV proteins. Conditions for HCV protein synthesis in Krebs-2, Huh-7, and HeLa S10 cells were similar to those described previously (74, 75) , with the exception that translation reaction mixtures contained higher concentrations of potassium and magnesium salts as specified below. The extracts were made mRNA dependent by treatment with micrococcal nuclease and were not subjected to either dialysis or Sephadex G-25 chromatography (75) . Translation reaction mixtures (20 l) contained 9 l of S10, 1 l of CMMs (or CMM buffer [50 mM triethanolamine, pH 7.3, 2 mM DTT, and 250 mM sucrose] where appropriate), 2 l of a master mix (74), 2 l of a salt solution (1 M KCl, 5 mM MgCl 2 , and 2.5 mM spermidine, unless otherwise specified), 1 l of [
35 S]methionine (10 mCi/ml; 1,200 Ci/mmol), and 0.4 g HCV RNA (unless otherwise specified). Translation in RRL was performed as recommended by the manufacturer (Promega), with the exception that KCl and MgCl 2 were included in the reaction cocktail (at 100 mM and 0.75 mM final concentrations, respectively). The reactions were carried out at 32°C for 3 h (unless otherwise specified). These conditions were found to be optimal for the expression of HCV proteins. For deglycosylation of HCV glycoproteins, samples (20 l) were supplemented with an equal volume of buffer 1 (5 mM EDTA, 2% ␤-mercaptoethanol, and 2% sodium dodecyl sulfate [SDS]), and proteins were denatured by heating them at 95°C for 5 min. The protein buffer solution was then exchanged for buffer 2 (50 mM sodium phosphate, pH 7.5, 5 mM EDTA, and 0.1% SDS) by centrifugation of the samples through CHROMA SPIN-10 columns (Clontech) at room temperature. After the addition of an equal volume of buffer 3 (50 mM sodium phosphate, pH 7.5, 5 mM EDTA, 1% ␤-mercaptoethanol, and 2% NP-40) containing Complete protease inhibitor cocktail (Roche), samples were divided into two aliquots. One aliquot was incubated at 37°C overnight in the absence of peptide N-glycosidase F (PNGase F) (Roche), while another was incubated at 37°C overnight in the presence of 4 U of PNGase F. Proteins were concentrated by trichloroacetic acid (TCA) precipitation, washed with 70% acetone (twice), and dissolved in SDS sample buffer (by incubation at 95°C for 10 min) for polyacrylamide gel electrophoresis (PAGE) analysis. For N-formyl-methionine labeling in Krebs-2 S10, 2 ϫ 10 5 cpm of f[
35 S]Met-tRNA i Met and 0.1 mM unlabeled methionine were added to a 20-l reaction mixture. Proteins were analyzed by SDS-15% PAGE (acrylamide/bisacrylamide ratio, 99:1) and fluorography. Incorporation of [
35 S]methionine into TCA-insoluble material was measured as described previously (75) . Formulations for preparing Western blots and detecting protein bands using a Western Lightning chemiluminescence kit were as recommended by the manufacturer (Perkin-Elmer Life Sciences, Inc.). For detection of NS3, NS5B, and NS5A, the antibodies were used diluted 1:2,500 in phosphate-buffered saline-5% nonfat dry milk. Anti-core, anti-E1, and anti-E2 antibodies were used diluted 1:100, 1:500, and 1:50, respectively, in phosphate-buffered saline-0.5% nonfat dry milk.
Tryptic peptide mapping. Tryptic digestion of 35 S-labeled polypeptides immobilized on the polyvinylidene difluoride membrane was performed essentially as described previously (39) . Separation of the digestion products in two dimensions was done according to method B (76) using plastic-coated thin-layer cellulose plates (10 by 10 cm; Kodak).
Assay of mRNA degradation. For Northern blot analysis, 200-l reaction mixtures were programmed with the indicated mRNAs in the presence of unla-beled L-methionine (20 M) at 32°C. At the times indicated, 20 l was withdrawn from the reaction mixtures. Translation was stopped by the addition of 180 l of 0.4-mg/ml proteinase K (made up in the buffer containing 100 mM NaCl, 20 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1% SDS, and 50 g/ml E. coli tRNA). After incubation at 37°C for 15 min, total RNA was phenol-chloroform extracted, separated on a formaldehyde-agarose gel, and transferred onto a nylon membrane (Hybond-N; Amersham Biosciences). To confirm that equal amounts of total RNA were loaded in each lane, blots were stained with Blot Stain Blue (Sigma), and the intensities of the bands of rRNA were compared. The blots were then hybridized with a fragment of randomly primed 32 P-labeled HCV or luciferase cDNA using ExpressHyb hybridization solution (BD Biosciences Clontech) according to the company's protocol. Quantifications were carried out using the BAS-2000 phosphorimaging system (FUJI Medical Systems USA).
RESULTS
Full-size HCV RNA translation in different cell-free systems. We sought to establish conditions that would allow translation of the entire HCV genome in vitro. In a pilot study, the RNA transcribed from the infectious H77C HCV cDNA clone (89) was used to program nuclease-treated translation extracts (hereafter referred as S10) from different sources, such as human hepatoma Huh7, Krebs-2, and HeLa S3 cells, and a commercially available RRL. Translation assays were performed either in the absence or in the presence of CMMs.
SDS-PAGE analyses of [
35 S]methionine-labeled proteins synthesized in these translation systems are shown in Fig. 1 . CMM-supplemented Huh7 and Krebs-2 S10 extracts synthesized proteins with similar patterns (Fig. 1A) . The ϳ74-kDa protein (p74; putative NS3) was readily identified among the translation products (p74 migrated slightly more slowly than NS3 encoded by a subgenomic type 1b HCV replicon RNA [38] , presumably due to strain-specific differences in the mobilities of these proteins [data not shown]). Other major translation products were p68, p58, p32, p29, p24, p21, p20, and p18. (For unknown reasons, p32 was synthesized only in this set of experiments.) In the absence of CMMs, translation yielded little (lane 3, Huh7 S10 preparation 2, and lane 5, Krebs-2 S10) or none (lane 1, Huh7 S10 preparation 1) of the processed products. Programming HCV RNA into CMM-supplemented HeLa S10 or RRL that was optimized for potassium and magnesium salt concentrations yielded a set of polypeptides similar to those produced in Krebs-2 S10 (Fig. 1B) . However, HeLa S10 and RRL also accumulated a significant amount of unprocessed heterogeneous polypeptides, rendering the bands of high-molecular-weight products barely discernible above background.
Identification of HCV proteins in vitro. Since Krebs-2 S10 efficiently translates HCV RNA and could be prepared in large quantities, this system was chosen for further use. To confirm the authenticity of the in vitro-synthesized proteins, they were resolved by electrophoresis, transferred to a nitrocellulose membrane, and detected first by autoradiography ( Fig. 2A , left) and then by Western blotting using polyclonal antibodies against the core protein, NS3, and NS5B (right). CMMs stimulated HCV polyprotein processing ( Fig. 2A, left ; compare lane 4 to 2). Western analysis performed on the same blot allowed the unambiguous identification of p20 as the core protein, p74 as NS3, and p68 as NS5B ( Fig. 2A, right) . Importantly, all immunoreactive proteins were revealed in HCV RNA-programmed reactions, but not in mock-programmed reactions ( Fig. 2A , right, compare lane 2 to 1 and 4 to 3). This excludes the possibility that some cellular proteins that crossreact with the antibodies and comigrate with the translation products are the sources of the signals on the immunoblots. In a separate Western blot analysis using an anti-NS5A rabbit polyclonal antibody, p58, which was formed almost exclusively in the presence of CMMs, was identified as NS5A (Fig. 2B) . We also suggest that p24 corresponds to NS4B. This assignment is strongly supported by the fact that the appearance of p24 is sensitive to an NS3 protease inhibitor while that of other low-molecular-weight products is resistant (see Fig. 6B ). It is noteworthy that anti-NS3 also detected an ϳ100-kDa band. We reasoned that since cleavage at the NS3/4A site is a fast intramolecular reaction (1), p100 is likely to be the uncleaved NS2-NS3 (hereafter designated NS2-3). To corroborate this conclusion, we performed tryptic fingerprinting of p100, puta- tive NS2 (p21), and NS3 (p74) after resolving these proteins by electrophoresis and blotting them onto a polyvinylidene difluoride membrane. These analyses revealed that indeed p100 shares the peptides characteristic of p21 and p74 (Fig. 3) .
To further characterize the HCV RNA translation products and, specifically, to identify HCV glycoproteins, the full-size HCV RNA was translated in parallel with 3Ј-truncated subgenomic HCV RNAs encoding C, C-E1, C-E2, C-p7, and C-NS2 portions of the viral polyprotein (Fig. 4A ). As expected, HCV RNA C was translated to yield the core protein exclusively (Fig. 4A, lane 2) . HCV RNA C-E1 translation gave rise, in addition to the core protein, to p29 (putative fully glycosylated E1; gp31) and several proteins that do not have counterparts among the products of the full-size HCV RNA translation (Fig. 4A , compare lane 3 to 7). The translation products of HCV RNAs C-E2, C-p7, and C-NS2 were similar; notably, they included p18 in addition to the products synthesized from HCV RNA C-E1. To determine which of these products were glycosylated, they were treated with PNGase F, which removes both high-mannose and complex glycans (43) . (It should be noted that prior to deglycosylation, the proteins were denatured by being heated in the presence of SDS and were passed through a spin column [see Materials and Methods]. The latter procedure, which was initially intended to remove excess SDS, which inhibits PNGase, was also found to remove the core protein and some unprocessed polypeptides that interfere with the analysis of the mature HCV glycoproteins.) As is best seen from the analysis of HCV RNA C-E1 translation products (Fig. 4A , lanes 4 and 5), PNGase caused p29 to disappear due to its conversion to a faster-migrating form (an ϳ18.5-kDa polypeptide). Both p29 and p18.5 reacted with an E1-specific monoclonal antibody in Western blotting, in accordance with their assignments as fully glycosylated and deglycosylated E1, 
FIG. 3.
Comparison of tryptic peptide maps of p100, p21 (NS2), and p74 (NS3). The polypeptides were separated by SDS-PAGE, transferred to a polyvinylidene difluoride membrane, and digested with trypsin as described in Materials and Methods. Two-dimensional fingerprints were obtained after high-voltage electrophoresis and thinlayer chromatography (TLC) of the digestion products. On the map of p100, arrows and arrowheads indicate the major p21 (NS2)-and p74 (NS3)-specific peptides, respectively. (Fig. 4C, bottom) . Importantly in addition to p29, the anti-E1 antibody detected one major (p18) and two minor (p25 and p22) products of the full-size HCV RNA translation (Fig. 4C , bottom, lane 2). It is likely that the sharp band p18 corresponds to E1 that lacks carbohydrate, while the smeared band p18.5 results from incomplete deglycosylation of E1 by PNGase. Therefore, for simplicity, we will designate p18 and p18.5 together E1*** (to distinguish them from E1, which bears carbohydrate) ( Fig. 4B and C) . Furthermore, given that p25 and p22 are sensitive to PNGase digestion, they are most likely the hypoglycosylated subsets of E1 (hereafter named E1* and E1**, respectively). Surprisingly, only fully glycosylated E1 (p29) was formed upon translation of HCV RNA C-E1, while the translation of longer mRNAs also yielded a substantial amount of deglycosylated and hypoglycosylated E1 forms (p18, p22, and p25) (Fig. 4A , compare lane 3 to lanes 4 to 7, and B and C, compare lane 4 to lanes 2, 6, 8, and 10). It is not immediately clear why this is so. With regard to HCV E2 (gp70) formation, no distinct band corresponding to the glycoprotein was evident upon analysis of the HCV RNA translation products by Western blotting. Instead, the anti-E2 antibody recognized a set of poorly resolved diffuse bands, which correspond to polypeptides ranging from 44 to 74 kDa and whose presence is not due to the cross-reactivity of the cellular extract proteins with the antibody (Fig. 4C , top, compare lanes 1 and 2). PNGase digestion of the products translated from HCV RNAs (fullsize; C-p7 and C-NS2) dramatically reduced the intensities of anti-E2-reactive heterogeneous bands; moreover, it generated a polypeptide whose molecular mass was similar to that of the E2-p7 protein backbone (p44) (Fig. 4B and C). Importantly, a smaller polypeptide (p39), presumably lacking the p7 moiety, was formed when the products of translation of HCV RNA C-E2 were deglycosylated ( Fig. 4B and C, lanes 7). Taken together, these results imply that, at least in vitro, E2 undergoes glycosylation while being a part of its immediate precursor, E2-p7. Optimization of the conditions of HCV RNA translation in vitro. To obtain higher yields of HCV-specific proteins in vitro, HCV RNA-programmed reactions were optimized with respect to CMM amounts and potassium and magnesium ion concentrations. Increasing the amount of CMMs from 0 to 5% of the reaction volume increased the proportion of processed polypeptides (Fig. 5A) . Concentrations above 5% of the CMM fraction brought about no further difference in the polypeptide synthesis pattern. Therefore, CMMs were used at a concentration of 5% in all subsequent experiments. The yield of mature HCV proteins was maximal at a relatively high potassium ion concentration (160 mM, including 60 mM contributed by S10) both in the absence and presence of CMMs (Fig. 5B) . The optimal magnesium chloride concentration was 2.5 mM (in -FIG. 4 . Products of subgenomic HCV RNA translation and identification of HCV glycoproteins. pCV-H77C was used as a template for DNA amplifications and subsequent synthesis of the subgenomic HCV RNAs as described in Materials and Methods. (A) Subgenomic HCV RNAs harboring the terminator codons after the core (C), E1 (C-E1), E2 (C-E2), p7 (C-p7), and NS2 (C-NS2) coding regions and full-size HCV RNA were translated in Krebs-2 S10 under standard conditions. Translation products were analyzed by SDS-15% PAGE and autoradiography. The positions of HCV-specific proteins are indicated on the right. (B) Autoradiograph of the full-size and subgenomic HCV RNA translation products that were incubated in either the absence (Ϫ) or presence (ϩ) of PNGase F, as indicated. Nonstructural HCV proteins are indicated on the left and HCV glycoproteins on the right of the autoradiogram. Asterisks and arrowheads indicate PNGase-deglycosylated E2-p7/E2 and E1, respectively. E1* and E1** are putative hypoglycosylated forms and E1*** is an unglycosylated form of E1 produced in the course of HCV RNA translation. (C) Products of translation of HCV RNAs shown in panel B were blotted onto a nitrocellulose membrane and probed with the antibodies against HCV E2 and E1 glycoproteins, as indicated. In panels A to C in lanes 1, no mRNA was added to the reaction samples.
cluding 2 mM concentration contributed by S10) (data not shown). Under optimal salt conditions, there was almost linear HCV RNA dose dependence of incorporation of [
35 S]methionine into proteins (data not shown). Importantly, the proteins encoded in the 3Ј portion of the viral genome (i.e., NS5A and NS5B) were most abundant at 20 to 30 g/ml HCV RNA (Fig.  5C, lanes 4 and 5) .
Analysis of HCV polyprotein processing using an NS3 serine protease inhibitor. The NS3 protease is competitively inhibited by specific penta-or hexapeptides derived from the aminoterminal NS3 cleavage products (69, 79) . One potent and highly specific inhibitor of the NS3 protease activity (compound A) was shown to reduce replication of a subgenomic serotype 1b HCV RNA to undetectable levels in Huh7 cells (51) .
To confirm the specificity of HCV polyprotein cleavage reactions in vitro, HCV RNA was programmed into CMM-supplemented Krebs-2 S10 in the presence of increasing concentrations of compound A. Compound A did not inhibit the incorporation of [
35 S]methionine into protein when tested in the 0.25-to-1,000 nM range of concentrations (Fig. 6A) . However, consistent with its described function, compound A caused a dramatic dose-dependent decrease in the accumulation of mature viral proteins derived from the NS3-NS5B portion of the polyprotein (Fig. 6B) . At 50 nM compound A, the NS4B and NS5A bands disappeared and the intensities of the NS3, NS2-3, and NS5B bands were significantly reduced. The reduction in the amounts of these proteins was accompanied by the accumulation of the high-molecular-weight precursor polypeptides (p160 and p230, putative NS3-5A, and NS3-5B, respectively). Preferential accumulation of unidentified p130 in the presence of the inhibitor was also evident. Interestingly, compound A inhibited the appearance of NS3 and NS5B only partially (by ϳ70% and 80%, respectively) (Fig. 6B ). In contrast, inhibition of NS4B and NS5A production reached 100%. The 50% inhibitory concentrations for compound A were 45 nM for NS3, 25 nM for NS5B, and 15 nM for NS4B and NS5A (data not shown). Some possible reasons for this differential inhibition of processing events are discussed below. In contrast to its potent inhibition of NS3-mediated cleavages, compound A failed to inhibit the cleavages believed to be carried out by a cellular signal peptidase(s), i.e., appearances of proteins C, E1 (E1* and E1***), and NS2. This is further proof of the high specificity of the inhibition. Earlier studies demonstrated that compound A inhibits proteolytic activity of NS3 in genotype 1b HCV (51) . Our data show that compound A is also efficient in inhibiting genotype 1a NS3. Thus, our system should be useful for testing the specificities and potencies of other NS3 inhibitors.
Kinetics of appearance of HCV proteins. The time course of HCV protein appearance was examined using mock-and membrane-supplemented Krebs-2 S10 extract (Fig. 7A) . In the presence of CMMs, the first discrete band appeared after 20 min of incubation and corresponded to fully glycosylated E1. The core protein was barely detectable at 20 min, presumably because it possesses fewer methionine residues (two residues) than E1 (seven residues). No conclusion could be drawn about the timing of the appearance of E2-p7, because of its heterogeneous electrophoretic profile. NS3 appeared at 40 min, concomitantly with the bulk of C, E1***, and NS2. NS4B, NS5A, 9) . Thus, CMMs are not critical for cleavage at NS2-NS3 and NS3-NS4A junctions. In addition to NS3, an ϳ160-kDa polypeptide (putative NS3-5A) was synthesized in the absence of CMMs, along with a set of other poorly resolved high-molecular-weight products (Fig. 7A, lane 4) . Most of these products degraded upon prolonged incubation without being converted into stable polypeptides. A pertinent question is whether the precursors for the nonstructural proteins are cleaved co-or posttranslationally. Our results favor the first possibility. Indeed, in the presence of CMMs, no distinct polypeptides larger than NS2-3 could be revealed, and even NS2-3 does not seem to serve as a precursor for NS2 and NS3, considering its stability. To further explore the possibility of a precursor-product relationship, duplicate samples were withdrawn from the membrane-supplemented translation reactions at different time points. One sample was supplemented with SDS sample buffer and analyzed directly, while translation products in another sample were chased in the presence of cycloheximide. With the possible exception of NS4B, no proteins appeared or became more abundant during the chase period (Fig. 7B) . Also, no reduction in the intensity of the NS2-3 band as a result of the chase was evident. Cumulatively, these data indicate that secondary processing plays a minor or no role in the formation of the HCV proteins. Interestingly, band NS5A shifted slightly upward upon chase (Fig. 7B ) or prolonged incubation (Fig. 7A) , indicating posttranslational modification, most likely phosphorylation (33, 49) . Indeed, NS5A undergoes phosphorylation in vitro, since an increase in the electrophoretic mobility of NS5A, but not other HCV proteins, was observed as a result of the phosphatase treatment (Fig. 7C) .
N-Formyl-[
35 S]methionine-labeled products. RRL was reported to initiate translation at multiple spurious sites when programmed with poliovirus or HCV RNA (10, 23) . It was therefore important to determine whether initiation on HCV RNA in Krebs-2 S10 extract occurred with fidelity. To this end, f[
35 S]Met-tRNA i Met (which is used exclusively for initiation of translation and donates a labeled formyl-methionyl residue to the N-terminal position of the polyprotein [67] ) was used.
Control experiments demonstrated that addition of f[ 35 S]MettRNA i
Met to an encephalomyocarditis virus (EMCV) RNAprogrammed reaction resulted in labeling of only the N-terminal leader peptide (L) and its precursor (L-P1-2A) (Fig. 8A , lane 4), in agreement with published data (6, 30, 50) . When f[
35 S]Met-tRNA i Met was used as a substrate in reactions programmed with HCV RNA, the core protein was the only mature protein that incorporated the label (Fig. 8B) . The proteolytic release of the f[
35 S]Met-labeled core protein from the nascent chain was CMM dependent, as expected (compare lanes 6 to 8 to lanes 10 to 12). Thus, only a single initiation site that corresponds to the start of the polyprotein functions in our translation system. Surprisingly, N-terminal labeling of the core protein with formyl-methionine was already optimal after a 30-min incubation and decreased slightly with time, while labeling with [ 35 S]methionine reached maximum only after a 60-min incubation. Conceivably, this would be the expected result if the formyl-[
35 S]methionyl residue in the initiator tRNA Met was rapidly chased by unlabeled methionine, which is present in excess in the reaction mixture, thereby permitting only the first round of initiation to occur with the labeled (50) .
CMMs enhance HCV protein expression via several mechanisms. The results presented above clearly demonstrate the requirement for the membranous structures in maturation of HCV proteins. Also, in Krebs-2 S10 extract, [ 35 S]methionine incorporation into the total translation product is substantially higher in the presence of CMMs, and this stimulation is CMM dose dependent (Fig. 1A and 9A) . One possible explanation for this effect is that unprocessed polypeptides formed in the absence of CMMs are less stable than the mature viral proteins. This is indeed the case, since during the first 40 min of incubation, incorporation increases linearly with time and is similar in CMM-and mock-supplemented reactions (Fig. 9B) . However, after a 60-min incubation, the curves diverge, and by 4 h almost half of the amount of protein synthesized in the absence of CMMs is converted to TCA-soluble material. Thus, membrane association and proper processing of HCV precursor polypeptides prevent their nonspecific proteolysis.
We next considered the possibility that CMMs also enhance HCV protein expression by stabilizing HCV RNA. Figure 10A shows a time course experiment in which the decay of HCV RNA has been assessed by Northern blotting. In the absence of CMMs, the half-life of HCV RNA was about 100 min, with ϳ25% of the intact RNA remaining after a 180-min incubation (Fig. 10B) . However, in the presence of CMMs, the half-life of HCV RNA was more than 180 min (in fact, more than 67% of HCV RNA remained intact by 180 min). HCV RNA stabilization by CMMs was also observed in HeLa S10 and RRL (data not shown). Interestingly, in Krebs-2 S10, luciferase mRNA flanked by the HCV 5Ј and 3Ј UTRs (Luc-HCV) was also stabilized by CMMs (Fig. 10C and D) . However, CMMs only marginally stabilized a polyadenylated luciferase mRNA harboring the EMCV IRES (Luc-EMC) (Fig. 10E) . Notably, the half-life of Luc-EMCV mRNA (ϳ40 min) appeared to be much shorter than that of Luc-HCV mRNA. In contrast, capped and polyadenylated Luc mRNA exhibited remarkable stability, with almost 90% of the mRNA recoverable after 3 h of incubation (Fig. 10F) . Taken together, these data indicate that CMMs stabilize HCV RNA and that this process is HCV 5Ј and/or 3Ј UTR sequence specific. Augmented HCV RNA stability could contribute to the stimulation of [ 35 S]methionine incorporation by CMMs (Fig. 9) . It is also clear that the cessation of protein synthesis after 60 min, in both the absence and presence of CMMs (Fig. 9B) , is not due to mRNA degradation, since the majority of HCV RNA remains intact at that time.
DISCUSSION
Previous attempts to translate the entire open reading frame of the HCV RNA, using either RRL or HeLa cell extracts, were by and large unsuccessful (8, 22, 23) . The failure to synthesize all the viral proteins could be attributed to low fidelity of translation initiation, premature termination of translation, HCV RNA degradation, or a combination of these factors. Furthermore, there are no reports showing complete translation of flavivirus or pestivirus genomes. In this study, we investigated the potential utility of different translation extracts for the expression of HCV proteins. Ribosomes of Krebs-2 S10 could complete translation of the HCV open reading frame to produce NS5B in amounts detectable not only by radiolabeling, but also by Western blotting (Fig. 2) . The fidelity of translation is demonstrated by the absence of products arising from initiation at spurious internal sites (Fig. 8B) . Evidence for posttranslational modification of viral proteins, glycosylation of E1 and E2-p7, and phosphorylation of NS5A is presented.
The most important variables affecting HCV protein expression in our system are the CMMs and potassium salt concentrations. Although Krebs-2 S10 extract contains some amount of membranes, exogenously added CMMs drastically enhanced HCV protein expression in this system. Our results implicate several mechanisms in this stimulation. First, CMMs stabilize HCV RNA in a process that appears to involve HCV 5Ј and/or 3Ј UTRs (Fig. 10) . Second, CMMs mediate proper HCV polyprotein processing, and the mature viral proteins appear to be more stable than their unprocessed precursors (Fig. 7A and  9B ). Maximal protein synthesis was achieved by employing a relatively high K ϩ concentration (160 mM) (Fig. 5B) . This is not surprising, since high K ϩ concentrations ensure a high rate of polypeptide elongation (44, 82) while allowing efficient initiation on the HCV IRES. It is noteworthy that HCV proteins were expressed to higher levels when potassium chloride, rather than acetate, was used to supplement the reaction mixture (data not shown). In the translation systems of other viral RNAs, the ratio of authentic products to incorrect products also increased as a result of partial or complete substitution of KCl for K(OAc) (28, 76) .
Even under optimal conditions, there was a cessation of translation after ϳ60 min of incubation (Fig. 9B) . This inhibition cannot be fully explained by the decay of HCV mRNA, which is mostly intact at this time (Fig. 10B) . It remains to be studied whether ribosome recycling on HCV RNA ceased due to inactivation of some labile component(s) of the extract or other factors. The pattern of HCV proteins in vitro was variable, depending on the particular extract and CMM preparations. For instance, it is unclear why Huh7 preparation 2 yielded more processed products in the absence of added CMMs than preparation 1 (Fig. 1A) . Some inadequately controlled cell culture conditions or differences in cell homogenization and/or subcellular fractionation could account for these variations. Also for unknown reasons, with most batches of CMMs, there was very low or no production of the unidentified p32 polypeptide, which appears as a major band in Fig. 1 . Finally, some CMM preparations yielded little E1 compared to E1***, apparently due to their low glycosylation activities (Fig. 5C and 6B) .
Initiation of translation. HCV RNA translation is unique because it requires fewer initiation factors than picornavirus or cellular mRNAs (55) . While picornavirus IRESes take advantage of eIF4G and eIF4A to recruit the 40S ribosomal subunit, the HCV IRES binds to the 40S subunit directly. The binding occurs even when high-salt-washed 40S subunits, essentially FIG. 10 . CMMs increase stability of HCV RNA in vitro. HCV RNA (A) or HCV-Luc-3Ј UTR mRNA (Luc-HCV) (C) was used at equimolar concentrations (20 g/ml and 5 g/ml, respectively) to program Krebs-2 S10 translation reactions in the absence (Ϫ) or presence (ϩ) of CMMs, as indicated. Total RNA was isolated at the indicated times from the aliquots of the reaction mixtures. mRNA integrity was analyzed by formaldehyde-0.8% (for HCV RNA) or 1% (for Luc-HCV mRNA) agarose gel electrophoresis and Northern blotting as described in Materials and Methods. Arrows indicate the positions of 28S and 18S rRNAs visualized by staining. Quantifications of the signals from panels A and C are shown in panels B and D, respectively. The rates of decay of polyadenylated luciferase mRNAs (5 g/ml), containing either the EMCV IRES (Luc-EMCV) (E) or cap structure (Luc) (F) (71) (19) , the direct HCV IRES-40S interaction has been implicated in the formation of the physiological 48S preinitiation complex (comprising the HCV IRES RNA, the 40S subunit, eIF3, a ternary eIF2 · GTP · Met-tRNA i complex, and possibly other factors) (41) . There is also a critical question, which was raised recently, of whether the HCV IRES, akin to the cricket paralysis virus IRES (53, 86) , can initiate translation without assistance from the eIF2 · GTP · MettRNA i
Met complex (cf. references 34 and 60). The dispensability of Met-tRNA i Met for HCV IRES activity according to this notion would explain why this activity is only marginally compromised upon mutating the authentic initiation codon to a non-AUG codon (59 (Fig. 8B) . Thus, the initiator tRNA Met , and by inference eIF2 and GTP, are used to initiate translation on the HCV IRES, at least in vitro. However, the simultaneous operation of two mechanisms of translation initiation, with and without participation of the ternary complex, cannot be rigorously ruled out. It is noteworthy that we could not detect an alternative form of the HCV core protein (p17), which would be expected to incorporate N-formyl- [ 35 S]methionine. This form (termed F, for frameshift protein) was suggested to result from initiation at the initiator codon of the core protein sequence and a subsequent Ϫ2/ϩ1 frameshift between codons 8 and 14 by a fraction of elongating ribosomes (83, 88) . However, recent studies also demonstrated that ribosomal slipping occurs only in HCV isolates that possess an A-rich region (10 A residues) between nucleotides 363 and 374 of their genomes (8, 61, 81) . Since this stretch is absent from strain H77 (89), p17 synthesis is not anticipated in our system. Polyprotein processing. In agreement with processing of the C-NS2 region by host signal peptidases, the appearance of the core protein, E1 forms, and NS2 was resistant to compound A (Fig. 6B) . Given that E1 is the earliest protein to appear (Fig.  7A ), nascent C-E1 and E1-E2 cleavages should be realized first. Cleavage at C-E1 either precedes cleavage at E1-E2 or occurs simultaneously with it, since there was no C-E1 precursor detectable. Presumably, both these cleavages require ongoing translation, since only very small amounts of C and E1 were released after chase in the presence of cycloheximide (Fig. 7B) . We did not reveal any cotranslational cleavage at the E2-p7 junction, as only a single deglycosylated polypeptide, E2-p7, was detected by the anti-E2 antibody (Fig. 4C, top, lane  3) . However, the release of E2 from the N terminus of p7 is also inefficient in vivo (12, 36, 66) . Cleavage at the p7-NS2 junction is fast and complete, since no E2-NS2 precursor polypeptide was apparent. In contrast, a rather stable E2-NS2 precursor accumulated in the cells infected with vaccinia virus recombinants or harboring stably replicating full-length HCV genomes (7, 57) . The explanation for these differences in processing efficiency between in vitro and in vivo systems is not clear.
Cleavage between NS2 and NS3 is accomplished by NS2-3 autoprotease. For several HCV strains, efficient cleavage at this site in vitro was reported to require synthesis of the protein precursor in the presence of CMMs (63) . In the case of HCV strain H77, cleavages at the NS2-3 and NS3-4A junctions and the ultimate NS3 release occur efficiently in the absence of added CMMs in both Krebs-2 S10 and RRL (Fig. 1) . Given the remarkably high stability of NS2-3 in vitro ( Fig. 7A and B) , the bulk of mature NS2 and NS3 should arise from processing of the nascent chain. Previous studies also noted that the posttranslational NS2-3 autocleavage is inefficient, unless special conditions (such as the presence of detergents) are met (56, 78) .
Our results conform to the accepted pathway of HCV polyprotein processing by NS3 protease (42) . For most proteins, there is no clear precursor-product relationship (Fig.  7C ), in agreement with the results obtained in vivo with the use of the recombinant vaccinia virus system (1). Interestingly, compound A failed to completely inhibit the release of NS3 and NS5B from the nascent precursor polypeptides (Fig. 6B) . Previous studies indicated that there is a temporal hierarchy in NS3-mediated polyprotein processing events (1, 21) . The NS3-NS4A cleavage is believed to be the first event in the processing cascade, and in contrast to other cleavages, is an intramolecular reaction (1) . This, as well as the fact that processing at the NS2-NS3 junction is carried out autocatalytically by a distinct protease (NS2-3) (9), could account for the partial resistance of NS3 appearance to compound A. Cleavage at the NS5A-NS5B junction has been reported to be more efficient than at other sites (1, 70) . This peculiarity may be responsible for the inability of compound A to completely block NS5B appearance. Our data are not compatible with the notion that NS5A and NS5B mature in the cytosol and target membranes posttranslationally (cf. references 5 and 64). As shown here (Fig. 5A) , only cleavages at NS2-NS3 and NS3-NS4A junctions are CMM independent, whereas little NS4B, NS5A, or NS5B is formed upon HCV RNA translation in the absence of CMMs. NS4B, NS5A, and NS5B are integral membrane proteins associated with the ER and Golgi apparatus (5, 13, 25, 27, 48, 64) . We presume that membrane association of the corresponding precursor polypeptides is a prerequisite for maturation of these proteins. In this regard, membrane targeting of NS3 via interaction with NS4A (87) could be responsible for the fast cleavage at the NS4A-4B, NS4B-5A, and NS5A-5B junctions due to the proximity of NS3 and the substrate even after the excision of NS3 from the nascent chain (cf. reference 2). Figure 7A reveals, in fact, that there is a time interval of only 20 min between the release of NS3 and the appearance of the downstream products. It should be noted that NS3-dependent processing, in contrast to that catalyzed by signal peptidases, should occur at the cytosolic rather than the lumen side of the ER membrane. In addition, NS protein precursors are likely to target membranes directly via the amphipathic helixes in NS4B and NS5A or the hydrophobic insertion sequence in NS5B (5, 13, 14, 48, 64) . In contrast, structural protein precursors exploit the signal recognition particle-dependent pathway for membrane association and processing (62) . Deeper understanding of the mechanism by which membranes facilitate maturation of the HCV NS proteins is needed, as it could guide the design of novel inhibitors of NS3.
Glycosylation of HCV E1 and E2. As evidenced by a dramatic increase in electrophoretic mobility upon PNGase treat-ment, both E1 and E2-p7 in vitro are heavily modified by N-linked glycosylation ( Fig. 4B and C) . Western blot analysis of the products of full-size HCV RNA translation revealed four products differing in the extent of glycosylation of E1 antigens, p29 (E1), p25 (E1*), p22 (E1**), and p18 (E1***). Notably, four similar glycosylation forms of E1 are synthesized in PK-15 cells transiently expressing HCV glycoproteins (Fig.  2B in reference 12) . Given that band E1 is already prominent after a 20-min translation, all E1 maturation steps, including processing, translocation into the microsomal vesicles, and glycosylation with high-mannose oligosaccharides, proceed very fast. E1*** appeared later than E1 (after 40 min) and was stable upon subsequent incubation; moreover, no redistribution of E1 forms was seen upon chase ( Fig. 7A and B) . The reasons why a sizable fraction of E1 glycosylation is not coupled with processing are not known. Alternatively, E1*, E1**, and E1*** may result from partial or complete deglycosylation of E1 within microsomal vesicles. We also noticed that only fully glycosylated E1 appeared upon translation of a subgenomic C-E1 HCV RNA. Hence, E2 synthesis, or at least ribosomal traversing of the HCV RNA sequence downstream of the E1 gene, may be required for the production of deglycosylated and hypoglycosylated E1 forms. In contrast, the glycosylation of E1 in vivo was reported to improve upon expression of the downstream amino acid sequence (11) . The reason for these differences is not clear. E2 in vitro appeared as a heavily glycosylated fusion protein, E2-p7 (Fig. 4C, top) . Its high heterogeneity is consistent with the presence of the multiple glycosylation forms. However, little E2-p7 lacking carbohydrate was evident, in contrast to the situation with E1. For comparison, E2-p7 that is expressed in vivo migrates as a broad but well-defined ϳ72-kDa band (36) . Thus, our in vitro system is deficient in providing uniform and complete glycosylation of E2, as well as its release from the E2-p7 precursor.
In summary, we have described a robust in vitro system that allows us to translate HCV RNA completely and accurately and to follow polyprotein processing. Our studies demonstrate the utility of this system for assaying the efficiency and specificity of NS3 protease inhibitors. They also underscore the importance of membranes for sequence-specific cleavage of the C-terminal half of the HCV polyprotein. Despite efficient expression of NS5B and other components of the HCV RNA replication complex in Krebs-2 S10, our attempts to detect [ 32 P]CTP incorporation into minus-and plus-strand HCV RNAs in this system were not successful (data not shown). It is possible that Krebs-2 cells lack some host factors that are required for HCV RNA replication. Given that Huh7 cells efficiently support replication of both subgenomic and fulllength HCV replicons (4, 37, 38, 57) , they appear to be superior to Krebs-2 cells as a potential source of HCV RNA replication-competent extracts. It would also be interesting to study whether these systems can support HCV RNA encapsidation, which has been recently recapitulated in vitro (32) .
